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ENTROPY-TEMPERATURE  AND  TRANSMISSION 
DIAGRAMS  FOR  AIR 

I.  Introduction 

1.  Preliminary. — In  engineering  calculations  graphical  methods 
not  infrequently  afford  a  satisfactory  degree  of  accuracy,  or  when 
extreme  precision  is  required,  a  check  on  analytical  methods  which 
prevents  the  possibility  of  arithmetical  errors.  Among  the  thermody- 
namical  calculations  which  need  to  be  frequently  made,  those  dealing 
with  the  compression,  expansion,  and  transmission  of  air  and  other  gases 
are  tedious  and  liable  to  error. 

It  is  the  purpose  of  this  bulletin  to  present  the  theory  and  use  of  three 
graphical  charts  through  whose  aid  all  problems  pertaining  to  com- 
pressed air  may  be  quickly  solved  wHth  a  minimum  of  labor  and  with  a 
degree  of  accuracy  which  is  entirely  satisfactory  in  engineering  work. 
As  with  all  graphical  and  mechanical  aids,  practice  in  the  use  of  the 
charts  is  necessary  to  a  full  realization  of  their  convenience  and  reliabihty , 

2.  Acknowledgment. — The  original  entropy-temperature  diagram 
for  air.  Fig.  1,  was  designed  by  the  \NTiter  several  j^ears  ago.  Recently, 
Mr.  o^ohn  A.  Dent,  Instructor  in  Mechanical  Engineering,  simplified  the 
construction  of  this  chart  and  improved  it  by  the  addition  of  a  series 
of  lines  representing  the  curves  of  pi;"  =  C,  as  shown  by  Fig.  2.  Fig.  5 
is  a  diagram  for  the  solution  of  problems  on  the  flow  of  air  in  pipes, 
designed  at  the  ^^Titer's  suggestion  by  one  of  his  former  students,  Mr. 
Walter  J.  Wohlenberg,  and  recomputed  and  redrawn  for  presentation 
here. 

CONSTRUCTIOX    OF    THE    EnTROPY-TeMPERATURE    DIAGRAMS 

3.  Values  of  dQ  and  d4>. — As  a  result  of  the  application  of  the 
fundamental  principles  of  thermodynamics,  there  ma}'  be  developed 
three  general  equations  for  the  change  of  heat,  dQ,  for  perfect  gases. 
Of  these,  two  are  conveniently  used  in  calculating  the  entroj\v  change, 
thus 

dQ  =  c,f?/  +  ir,.  -  c,.)-dv  (]) 

dQ  =  c,dt  -  [Cp  -  t\.  >  J  dp .{2) 

Since  the  change  of  entropy  [d^i  is  represented  by  -^,  the  change 

of  entropy  for  perfect  gases  is  found  by  dividing  equations  (1)  and  (2) 
by  the  absolute  temperature,  T. 
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Hence         d4>  =  ^  =  c,,  ^+(c,-cj  ^ (3) 

and  d(l>  =  -^  =  Cpj,-{c^-c,)^  (4) 

4.  Constant  Volume  Lines. — Integrating  equation  (3)  between 
limits  of  (j)  and  0i,  T  and  Ti,  .and  v  and  Vi, 

cf)-<l)i  =  cJoge  Tp  -\-{c^-c,)log,^  .  . (5) 

If  the  volume  is  constant  during  the  change  of  entropy,  equation 
(5)  reduces  to 

T 

In  Fig.  1,  equation  (6)  gives  a  logarithmitic  curve,  and  in  Fig.  2, 
plotting  log  T  as  ordinates,  the  equation  gives  a  straight  line.  From 
equation  (4)  it  is  evident  that  successive  constant  volume  lines  are 
parallel  on  both  diagrams.  The  various  lines  may  be  drawn  with  any 
arbitrarily  assumed  zero  of  entropy. 

5.  Constant  Pressure  Lines. — From  equation  (4)  the  change  of 
entropy  between  finite  limits,  becomes 

T  V 

<^-0i  =  Cplog,  ^-  (Cp-c„) log,  f- (7) 

J 1  Pi 

which,  at  constant  pressure,  becomes 

T, 

When  plotted,  equation  (8)  becomes  a  logarithmitic  curve  in  Fig.  1, — 
whose  slope  is  different  from  that  of  the  constant  volume  lines, — ^and 
a  straight  line  in  Fig.  2. 

The  proper  location  of  the  initially  plotted  constant  pressure  line 
with  reference  to  the  previously  drawn  constant  volume  lines  is  deter- 
mined through  the  aid  of  the  characteristic  equation 

pv  =  RT 
Having  drawn  the  initial  constant  pressure  line,  successive  lines  are 
parallel  thereto  as  shown  by  equation  (7). 

6.  Isothermal  and  Adiabatic  Lines. — By  construction,  horizontal 
lines  on  both  diagrams  are  lines  of  constant  temperature,  or  isothermals, 
and  vertical  lines  are  lines  of  constant  entropy,  or  adiabatics. 

7.  7?y"  Lines. — For  air  the  equation  of  the  adiabatic  is 
and  for  the  isothermal  it  is 


(/)-01  =  C^  loge  7p     (8) 


VoV,!"  =  PV^  =  py  1-405 


VoVo  =  PV 
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In  practice  expansion  or  compression  lines  lie  somewhere  between  these 
two  extremes  and  the  equation  of  the  real  curve  becomes 

where  n  lies  between  1  and  1 .  405  for  air. 
Since  pv  =  RT 

py"  =  pi^i" 
and  Tv"-'  =  TiVi"-' 

then  .'=©'^ (9) 

Inserting  this  value  of  -  in  equation  (5) 

1 1     n— 1  1 1 

=  c,'lzJSlogT ,10) 

n— 1         1 1 

Assuming  an  initial  condition  of  pressure  and  temperature  and  a 
value  for  n,  equation  (10)  may  be  plotted  as  a  curve  in  Fig.  1  or  a  straight 
line  in  Fig.  2.  A  series  of  such  lines  with  different  values  of  ?i  are  sho^^'n 
on  Fig.  2.  Being  more  difficult  to  construct  and  to  use  when  plotted  on 
Fig.  1,  these  pv"  lines  are  omitted  on  this  diagram. 

8.  Intrinsic  Energy. — The  intrinsic  energy  of  the  so-called  perfect 
gases  is  in  the  form  of  sensible  heat.  Since  the  intrinsic  energy  is 
changed  into  mechanical  energy,  during  an  adiabatic  expansion,  the 
total  intrinsic  energy  could  be  realized  during  an  expansion  to  infinity-. 
That  is,  the  intrinsic  energ}^  in  B.  t.  u.  is 

AE,  =  Ah  pdi'  =  A  JMl  =.4  ,^ (11) 


=y:r--^^-^s ^^^ 


where  A  is  the  reciprocal  of  the  mechanical  equivalent  of  heat,  and  is 

therefore  equal  to  ==^.    For  air,  equation  (11)  becomes 
77o 

A^i  =  0. 16851  Ti   B.i.  u (12) 

or  £'i  =  131 . 1  Ti  foot  pounds (13) 

Since  for  air  (or  any  other  perfect  gas)  the  intrinsic  energy  is  thus  a 
function  of  the  absolute  temperature,  only,  its  values  for  the  several 
temperatures  have  been  calculated  and  indicated  on  the  diagrams. 
Obviously  all  curves  and  figures  given  are  for  one  pound  of  air,  since 
the  value  of  R  used  is  based  on  this  unit  of  weight. 

From  equations  (11)  and  (12)  it  is  evident  that  for  air  and  other 
perfect  gases,  isothermals  are  linos  of  constant  intrinsic  onorcy  or 
isodynamics. 
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9.  Variable  Specific  Heats. — ^In  the  construction  of  both  entropy- 
temperature  diagrams,  the  specific  heats  Cj,  and  c,.  are  assumed  to  be 
constant  within  the  temperature  range  given.  If  these  specific  heats 
are  considered  to  be  variable,  and  if  their  values  are  assumed  to  be  of 

the  form 

Cp  =  a+bT 

Cr  =  ai  +  hT 
the  expressions  for  the  change  of  entropy  become  respectively 

0-01  =  01  log,^  +  b(T-T,)  +  {c,-c,)  log,  ^ (14) 

=  a  log,^+b{T-T,)-ic,-c,.)  log,^ (15) 

1 1  Pi 

The  constant  volume,  constant  pressure,  and  pv"^  lines  from  the  above 

equations  all  become  curves,  whether  plotted  as  in  Fig.  1  or  Fig.  2. 

Within  the  range  of  temperatures  given  on  the  charts,  it  is  probable 

that  the  constant  and  generally  used  values  of  c,,  and   c,.  are  amply 

accurate. 

III.  The  Use  of  the  Diagrams 

10.  Values  of  p,  v,  and  T  for  Isothermal  Changes. — ^Values  of  p,  v, 
and  T  for  any  condition  of  one  pound  of  air  may  be  read  directly  from 
the  diagrams.  Fig.  1  or  Fig.  2.  Since  pv  =  piVi  for  the  isothermal  line, 
the  final  pressure  or  volume  may  be  determined  by  following  a  con- 
stant temperature  line  through  the  given  initial  condition  to  the  given 
final  condition.  Thus  for  example,  find  the  initial  and  final  volumes 
of  one  pound  of  air  at  100°  Fahr.,  which,  starting  at  100  lb.  per  sq.in. 
absolute,  expands  to  14.7  lb.  absolute.  From  the  diagram  l,the  inter- 
section of  the  100  lb.  and  100°  lines  is  at  2 .  08  cu.  ft. ;  and  the  intersection 
of  the  100°  and  14.7  lb.  lines  is  at  14  cu.  ft.  By  calculation  the  initial 
volume  is  2.07  cu.  ft.,  giving  an  error  of  —0.01  cu.  ft.  or  0.48%;  and 
the  final  volume  is  14'.  08  cu.  ft.,  giving  an  error  of -0.08  cu.ft.or  0.57%. 

11.  Values  of  p,  v,  and  T  for  Adiabatic  Changes. — For  the  adiabatic, 
the  following  relations  hold: 

PiVi"  =  pv'' (16) 

T,v,^-i  =  Tv'-' (17) 

T,p^^  =  Tp~^... (18) 

These  relations  are  determined  graphically  by  following  the  vertical 
adiabatic  or  isentropic  line  through  the  given  initial  and  final  conditions. 
For  example,  let  the  initial  absolute  pressure  and  volume  be  respec- 
tively 100  lb.  per  sq.  in.  and  4  cu.  ft.,  and  the  final  pressure,  14.7  lb. 
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absolute.  From  the  diagram  the  100  lb.  and  4  foot  lines  intersect 
at  625°  Fahr.  Following  a  vertical  line  through  this  point,  the  final 
temperature  is  found  to  be  162°  Fahr.  and  the  final  volume  15.6  cu. 
ft.  By  calculation,  the  initial  temperature  is  621°  Fahr.  showing  the 
error  due  to  the  u.se  of  the  chart  to  be  +4°  or  0.37%;  the  final  temper- 
ature is  165°  P\ahr.,  giving  an  error  of  +3°  or  0.5%;  and  the  final 
volume  is  15.66  cu.  ft.,  giving  an  error  of  +0.06  cu.   ft.   or  0.38%. 

12.  Values  of  p,  v,  and  T  for  pv"  Changes. — If  k  be  replaced  by  n, 
the  formulas  just  given  hold  for  changes  along  the  pv"  lines.  Fig.  2 
permits  the  graphical  relation  of  the  several  quantities  to  be  determined 
in  a  manner  similar  to  that  just  described  for  the  adiabatics,  except 
that  a  Une  is  drawn  through  the  given  initial  condition,  parallel  to  the 
line  having  the  desired  value  of  n,  and  the  results  read  at  the  final 
condition. 

13.  Heat  Changes. — In  general  the  heat  change  is  expressed  by 
the  equation 

dQ  =  A(dE+pdv) 


-E2+/llpdv) 


or  Q  =  A{E,-E2+/",^  pdv) (19) 

where  Q  =  the  heat  added  or  rejected  in  B.  t.  u. 

El  and  £'2  =  the  initial  and  final  intrinsic   energy  in  foot 
pounds. 

A  =  the  reciprocal  of  the  mechanical  equivalent  of  heat. 

pdv  =  the    external   work    in   foot   pounds   done   during   the 

t'2 

change  Q. 

14.  Graphical  Representation  of  Heat  Changes. — On  the  diagram, 
Fig.  1,  areas  are  (luantities  of  heat  in  B.  t.  u.  according  to  the  scale  of 
the  drawing  shown.  The  total  heat  change  in  passing  from  one  con- 
dition to  another  on  the  diagram,  is  the  area  under  the  line  or  curve 
representing  the  path  of  the  air  during  the  change,  to  absolute  zero. 
Since  the  lowest  temperature  sho\\Ti  is  —200°  Fahr.  (259.5°  absolute), 
the  area  under  the  given  path  to  —200°  must  l)e  increased  by  the 
addition  of  an  amount  of  heat  equal  to  259.5  times  the  total  change  of 
entropy  between  the  initial  and  final  conditions  of  the  air.  to  find  the 
value  Q. 

15.  Values  for  External  Work. — Since  AiEi  —  E^)  can  be  read 
directlv  from  the  diagram  the  external  work  becomes 

A  I        pdv  =  Q-A(Ei-E.^   in  B.t.  u (20) 

J    V-2 
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Fig.  3 
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16.  Expansion  or  Compression  Along  Irregular  Paths. — If  for  any 
reason  air  is  expanded  or  compressed  along  an  irregular  path,  and  the 
changes  of  pressure  and  volume  are  kno^vTi,  the  several  pressures  and 
volumes  (reduced  to  a  basis  of  one  pound  weight)  may  be  directly 
plotted  on  Fig.  1,  and  the  change  in  heat  determined  by  mechanical 
integration  of  the  area  under  the  curve,  as  described  in  the  preceding 
article. 

The  method  here  presented  for  finding  Q  offers  no  particular  ad- 
vantage, since  the  work  done  may  be  obtained  by  mechanical  integra- 
tion of  the  pv  diagram,  and  the  change  of  intrinsic  energy,  calculated  or 
taken  from  the  diagram,  added  to  the  work  done  to  secure  the  value 
of  Q,  as  indicated  by  equation  (19). 

17.  Isothermal  Expansion  and  Compression. — The  work  done  in 
B.  t.  u.  during  an  isothermal  change  is 

W  =  ApiVi  log^  — -  =ApiVi  log,  ^^ 

Vi  P'2 

=  ARTi  loge  '^  in  B.  t.  u (21) 

In  these  formulas  p^  and  Vi  are  the  pressure  and  volume  at  A   in  Fig.  3 
and  4,  and  p2  and  ^2  are  the  pressure  and  volume  at  B. 

On  either  Fig.  1  or  Fig.  2  the  heat  change  in  B.  t.  u.  can  be  obtained 
for  an  isothermal  expansion  or  compression  by  multiplying  the  absolute 
temperature  (459.5°+  temperature  Fahr.  on  the  chart)  by  the  change 
in  entropy  between  the  given  initial  and  final  condition  of  the  gas. 
Inspection  of  the  diagram  shows  that  the  change  of  intrinsic  energy  is 
0  during  an  isothermal  change,  hence  the  heat  added  or  rejected  is 
exactly  equal  to  the  external  work  done,  expressed  in  B.  t.  u. 

The  work  thus  obtained  is  equivalent  to  that  obtained  under  the 
curves  AB  in  Fig.  3  and  4,  represented  by  the  areas  A  BCD. 

The  work  of  a  complete  cycle  of  admission,  expansion,  and  exhaust, 
or  of  suction,  compression,  and  discharge  as  shown  in  Fig.  3  by  the  area 
ABEF  is  exactly  equal  to  the  work  done  under  the  curve  AB  (area 
ABCD)  since  piVi  =  p2V2-  In  Fig.  4,  with  incomplete  expansion,  the 
area  ABCD  =  area  ABEF,  hence  the  total  work  done  in  B.  t.  u.  is  equal 
to  area  ABCD,  found  from  the  entropy-temperature  diagram,  in- 
creased by  the  addition  of  the  area  EBHG,  or  A{p2  —  p3)v^. 

It  must  be  remembered  that  in  these  formulas  pressures  are  in 
pounds  per  square  foot  and  volumes  in  cubic  feet. 
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To  illustrate  the  application  of  the  diagrams  let  it  be  required  to  find 
the  work  done  during  an  expansion  of  one  pound  of  air  from  100  lb. 
per  sq.  in.  absolute  to  14.7  lb.  absolute  at  100°  Fahr.  From  the 
diagram  the  initial  and  final  values  for  the  entropy  are  0.2316  and  0.1, 
or  the  entropy  change  is  0. 1316.     Hence  the  work  in  B.  t.  u.  is 

Tr  =  0.1316  (100+459.5) 
=  73.63 

By  calculation,  ]V  =  7SA3B.  t.u.,  so  the  error  is  +0.2  5.  ^.  i^.  or  0.27% 

18.  Adiahatic  Expansion  or  Compression. — The  work  done  during 
an  adiabatic  expansion,  represented  by  the  areas  ABCD  in  Figs.  3  and 
4,  and  expressed  in  B.  t.  u.,  may  be  found  analytically  by  one  of  the 
following  formulas: 


Tr  =  -^'ri-  (£l)"-'l (22) 

-■t^b-ify-^\ (^3) 


_A  (P1V1-P2V2)  (24) 

A;  —  1 

=  AR  il^IZ^ (25) 

k  —  1 

Similarly,  the  work  done  during  an  adiabatic  compression,  repre- 
sented by  the  area  ABCD  in  Fig.  3  and  expressed  in  B.  t.  u.,  may  be 
found  by  the  use  of  any  one  of  the  following  formulas: 


=  T^[&^^-'\ ^ (^^) 

(28) 


P2^ 

A(piVi-p2V2) 


k-1        

_ARiTi-T2) (29) 

k  —  1 

Through  the  aid  of  the  charts,  the  use  of  these  somewhat  trouble- 
some formulas  is  avoided,  since  the  work  in  B.  t.  u.  is  found  by  deter- 
mining the  difference  between  the  initial  and  final  intrinsic  energy  along 
an  adiabatic  (isentropic)  or  vertical  line  through  the  initial  and  final 
states  of  the  gas. 
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For  example,  if  one  pound  of  air  expands  from  an  initial  pressure 
and  volume  of  100  lb.  per  sq.  in.  absolute  and  4  cu.  ft.,  respectively, 
to  14.7  lb.  per  sq.  in.  absolute,  the  change  of  intrinsic  energy  (and 
hence  the  work)  is  78.03  B.  t.  u.  Through  the  aid  of  equation  (23) 
the  work  is  calculated  to  be  77.56  B.  t.  u.,  giving  an  error  of  +0.47 
B.  t.  u.  or  0.66%. 

19.  The  Work  bf  the  Complete  Cycle. — If  the  work  of  a  complete 
cycle  of  admission,  expansion  to  back  pressure,  and  exhaust;  or  of  suc- 
tion, compression,  and  discharge  is  required  for  a  motor  or  compressor 
without  clearance  as  shown  by  area  ABEF  in  Fig.  3,  it  can  be  deter- 
mined analyticalh'  as  follows: 

Area  AB^F  =  Area  ASCD+Area  ADGF-Area  BCGE  or,  using 
formulas  (24)  or  (28). 

^V^^+^^^U^ ''^^  -  AP^^  =  ^^   TX ^^'^^ (30) 

That  is,  the  area  of  the  cjTle  ABEF  in  Fig.  3  is  equal  to  the  absolute 
work  done  under  the  curve  AB  multiplied  by  k\  the  value  of  which  for 
air  =1.405.  E\4dently  the  change  in  intrinsic  energy  multiplied  by  k 
gives  the  net  work  of  the  cycle  under  the  conditions  here  stated. 

If  a  motor  does  not  expand  the  air  to  the  back  pressure  line,  as  in 
Fig.  4,  the  area  BHGE  =  A{P2-P^)V-2  must  be  added  to  k  times  the 
change  of  intrinsic  energy  between  A  and  B  to  secure  the  work  of  the 
cycle,  ABHGF. 

20.  Expansion  or  Compression  Along  a  pv"  Line. — ^If  A"  be  replaced 
by  n  in  the  equations  for  adiabatic  expansion  and  compression,  equa- 
tions (22)  to  (30)  inclusive,  the  work  done  under  a  pr"  curve  is 
obtained.  Taking  equation  (25)  or  (29)  and  rei^lacing  /.  by  //  the 
work  done  becomes,  in  B.  t.  u.. 

^y_AR{T,-T.)_k-[     AR(1\-T,)  ^^^ 

//  —  1  n—\  k  —  \ 

From  this  last  value  for  W  in  eciuation  (^31)  it  is  evident  that  the 
work  done  during  an  adiabatic  change  between  Ti  and  T-2  needs  only  to 

be  multiplied  by to  secure  the  corresponding  work  done  during  a 

pv"  change. 

Similarly  to  tlie  adial)atic  cycle,  the  work  of  the  complete  pr"  cycle 
can  be  found  by  multiplying  the  wcM'k  doni"  during  (^\])ansion  or  com- 
pression by  n  fSee  Fig.  3). 
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Table  1 

Values  of  n 

Values  of  fn-} 

1.05 

8.10 

1.10 

4.05 

1.15 

2.70 

1.20 

2.025 

1.25 

1.62 

1.28 

^ 

1.446 

1.30 

1.35 

1.32 

1.266 

1.35 

1.157 

1.38 

1.066 

1.405 

1.000 

21.  Heat  Changes  Along  a  yv'' Line. — -Since  there  must  be  a  change 
in  the  value  of  Q  along  a  py"  curve,  the  heat  added  or  rejected  may  be 
determined  by  the  algebraic  addition  of  the  change  in  intrinsic  energy 
between  the  initial  and  final  conditions  and  the  work  done  during  the 
change.  If  the  heat  change  is  required  without  regard  to  the  work 
done,  it  may  be  found  as  above  and  reduced  to  the  simplest  terms, 
as  follows: 


Qu  = 


k-l  n-1  k-1 

k-n     AR{Ti-T2)  /oox 

n^i  •  — fc^^ ^^^^ 


Evidently    the    heat    change    is    found  by    multiplying   the    change 
of  intrinsic  energy  fr 
values  of  this  factor. 


of  intrinsic  energy  from  the  diagram  by  the  factor     _   .     Table  2  gives 


Table  2 

^' a  lues  of  n 

Values  of  |^ 

1.05 

7.10  " 

1.10 

3.05 

1.15 

1.70 

1.20 

1.025 

1.25 

0.62 

1.28 

0.446 

1.80 

0.35 

1.32 

0.266 

1.35 

0.157 

1.38 

0.066 

1.405 

0.000 

To  show  the  method  of  handling  the  pv''  lines  on  the  chart,  the 
following  problem  is  solved: 
Given  pi  =  150  lb.  per  sq.  in.  absolute 

P2  =  14 . 7  lb.  per  sq.  in.  absolute 

^1  =200°  Fahr. 
to  determine  the  initial  and  final  volumes,  the  final  temperature,  the 
work  done  during  expansion  in  B.  t.  u.,  the  heat  added  in  B.  t.  u.,  and 
the  work  of  the  complete  cycle,  all  per  pound  of  air,  if  pv^'^  =  C. 

Following  a  line  through  the  given  initial  and  final  conditions, 
parallel  to  the  pv^-"^  line  it  is  found  from  the  diagram  that  7i  =  1 .  613 


RICHARDS ENTROPY-TEMPERATURE    AND    TRANSMISSION   OF  AIR        13 

cu.  ft.,  and  by  calculation  Fi  =  1.625,  an  error  of  -0.012  cu.  ft.  or 
0.7%;  from  the  diagram  Fo  =  11 .  48  cu.  ft.,  and  by  calculation  Fi  =  1 1 .  25 
cu.  ft.,  an  error  of  +0.23  cu.  ft.  or  2%;  from  the  diagram  7^.=  -12° 
Fahr.,  and  by  calculation  Ti  =  11 . 7°.  The  change  of  intrinsic  energy  is 
found  to  be  35 .  724  B.  t.  u.  from  the  diagram.  From  Table  1 ,  forn  =  1 . 2 
the  factor  for  work  =2.025.  Hence  35.724X2.025  =  72.34  B.  ^.  if. 
is  the  external  work  under  the  expansion  curve.  By  calculation  the 
value  is  found  to  be  72 .  39  B.  t.  u.    The  work  of  the  cycle  is 

72.34X1.2  =  86.81  B.  t.  u. 
while  the  heat  change  is 

+  (35.724X1.025)  =  +36.617  B.  t  u.  (See  Table  2). 
As  is  evident,  the  agreement  between  the  values  from  the  chart  \\Tth 
those  calculated  is  amply  close  for  all  practical  purposes. 

22.  Flow  of  Air  Through  Nozzles. — It  is  easily  showTi  that  if  air 
flows  through  a  short  nozzle  the  heat  energy-  changed  to  kinetic  energy- 
per  pound  of  air  is,  in  B.  t.  u., 

^    .A{piVi-p2V'2)=A  t- (33) 


Where  u=  the  velocity  of  flow  in  feet  per  second.  The  left  hand  mem- 
ber of  the  above  equation  is  recognized  as  the  work  of  the  cycle  ABEF 
showTi  in  Fig.  3,  the  determination  of  which  has  been  discussed  in 

article  19.     Remembering  that  A  =  .^7^  and  2gf  =  64.4,  the  value  of  u 

I  I  o 

can  be  easily  calculated. 

It  must  be  remembered  that  the  pressure,  p2,  at  the  point  of  min- 
imum diameter  of  the  nozzle  has  a  value  such  that 

P2  =  0 .  5767  ;;i 
when  the  nozzle  has  a  well  rounded  entrance  and  the  pressure  pi  is 
more  than  twice  the  pressure  in  the  space  into  which  the  nozzle  is  dis- 
charging. If  the  nozzle  is  properl}^  flared  beyond  the  point  of  minimum 
diameter  the  air  will  be  further  expanded  with  a  resultant  increase  in 
velocity  of  flow.  The  minimum  diameter  and  the  relation  between  po 
and  pi  determine  the  actual  weight  or  volume  of  free  air  discharged. 

The  velocity  resulting  from  a  given  expenditure  of  heat  is  plotted 
graphically  on  the  ''Mollier  Diagram"  accompanying  ^larks  &  Davis' 
''Steam  Tables."  If,  therefore,  the  heat  converted  into  kinetic  energ}' 
is  found  graphically  from  Figs.  1  or  2  or  analytically  from  equation  (33) 
the  graphical  relation  referred  to  enables  the  velocity  to  be  determined 
without  further  calculation.  In  the  design  of  nozzles,  these  graphical 
methods  save  a  large  amount  of  time  while  giving  a  satisfactory  degree 
of  accuracv. 
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IV.  Use  of  the  Charts  for  Gases  Other  Than  Air 
Although  the  entropy-temperature  diagrams  here  shown  are  cal- 
culated for  one  pound  of  air,  it  is  possible  to  use  them  for  other  gases 
through  the  aid  of  corrective  factors. 

In  Table  3  the  gases  listed  each  have  almost  exactly  the  same  value 
of  k,  and  the  values  of  the  constant  R  vary  directly  as  the  relative 

specific  volumes.     In  consequence,  the  equation  ^=R  for  air  must  be 

multiplied  by  the  relative  specific  volume  of  another  gas.  Thus,  for 
example,  if  the  pressure  and  volume  of  one  pound  of  hydrogen  are  the 
same  as  on  the  air  diagram,  the  absolute  temperature  will  be  14.46 
times  as  great  as  the  absolute  air  temperature;  or  if  the  pressure  and 
temperature  of  hydrogen  are  the  same  as  on  the  air  diagram,  the  volume 
will  be  14.46  times  as  great  as  the  indicated  volume  of  air.  Further, 
it  is  evident  that  the  change  of  intrinsic  energy  between  two  points  on 
the  air  diagram  will  be  14.46  times  as  great  for  H  as  for  air,  since  k  is 
the  same  as  for  air.     Or,  stating  the  case  in  another  way,  the  diagrams 

are  exactly  accurate  for  pounds  of  hydrogen.     In  a  similar  way 

the  corrective  factors  may  be  employed  for  the  other  gases  given. 


Table  3 


k=lA+ 


Kind  of  Gas 

Relative  Density 

Relative  Specific 
Volume 

Correction 
Factor 

.V 

CO 

Air 

1 
16 
14 
14 
14.46 

14.46 
0.904 
1.03 
1.03 
1.00 

14.46 
0.904 
1.03 
1.03 
1.00 

For  gases  whose  values  of  k  are  different  from  that  for  air,  a  correc- 
tion factor  is  needed  in  determining  the  relations  p,  v,  and  T,  and 
another  factor  for  determining  the  relations  between  the  v/ork  done  in 
comparison  with  air. 

The  relation  between  the  work  done  during  an  adiabatic  change 

between  two  temperatures  for  any  gas  compared  with  air  is 

R'  (k—1) 
Work  per  pound  of  gas  =  p  /L/_-|\  (Work  per  pound  of  air) 

where  R'  and  k'  are  the  values  of  these  constants  for  the  given  gas. 
Table  4  shows  the  two  correction  factors  for  CO2,  CHi  and  C2H4. 

Mixed  gases  whose  properties  are  known  may  be  treated  in  the  same 
manner  as  for  the  three  gases  mentioned.  The  necessity  for  using  these 
correction  factors  renders  this  apphcation  of  the  entropy-temperature 
charts  of  doubtful  value. 
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Table  4 


Kind  of 
Gas 

Value 
of  1: 

Relative 
Densitv 

//=r 

Relative 
Specific 
Volume 

Correction 
Factor  for 
p,  V,  and  T 

Correction 

Factor  for 

Adiabatic 

work 

/?'  (/;-; ) 

R  {k'-\^ 

CO 

1.267 
1.213 
1.29 

8 
14 
22 

1.808 

1.03 

0.657 

1.808 

1.03 

0.657 

2.73 
1.96 
0.919 

V.  The  Air  Flow  Diagram 
The  application  of  the  principles  of  thermod^'iiamics  to  the  flow 
of  air  in  pipes    leads  to  the  follo^^'ing  formula  connecting  the  several 
variables  entering  into  the  problem: 


"--m' 


Pi 


Pi' 


(35) 


where  i<i  =  the  initial  velocity  of  flow  in  feet  per  second. 

g  =the  acceleration  due  to  gravity. 

r  =  the  absolute  temperature,  considered  constant. 

m  =  the  ''hydraulic  mean  depth,"  or  the  ratio  of  the  area  to  the 
perimeter  of  the  pipe. 

K  =  the  coefficient  of  resistance. 

L  =  the  length  of  the  pipe  in  feet. 

Pi  and  p-2  =  the  initial  and  final  pressures  in  the  pipe  in  pounds 
per  square  inch,  absolute. 

If  T'  =  the  number  of  cubic  feet  of  free  air  at  70°  Fahr.  and  14.7 
pounds  pressure  flowing  per  minute. 

f/  =  the  actual  (Uameter  of  pipe  in  inches. 

r  =  —  =the  ratio  of  the  final  to  the  initial  ])ressures. 
Pi 

ffi  =  j  for  circular  pipes, 
then  cciuation  (35)  reduces  to 


=  :^.o,i^^^in^^ 


(36) 


In  plotting  the  chart  (Fig.  5)  the  value  of  K  has  been  assumed  to  be 

A'  =  (). 003(1+^) 

and,  instead  of  plotthig  r  direct 

100  (— — ^^\  has  been  used  as  more    convenient,  since  it  shows  thi^ 
\     Pi     I 

percentage  of  pressun^  drop  in  the  p\pv  in  terms  of  the  initial  pressure. 
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While  the  formula  for  V  is  theoretically  correct,  its  ultimate  accuracy 
depends  upon  the  assumption  of  a  correct  value  of  K,  which  is  not  easy 
considering  the  paucity  of  reliable  data  available. 

Should  it  be  desired  to  use  K',  another  value  for  K  than  the  one 

given,  the  values  of  V  from  the  chart  are  to  be  multiplied  by\/-^ 

Should  the  discharge  from  a  pipe  be  required  for  another  temperature 
than  70°  Fahr.  (530°  absolute)  the  values  of  V  from  the  chart  are  to  be 

VT' 
jT^,  where  T'  is  the  absolute  temperature  desired. 

The  use  of  the  air  flow  diagram  is  simple.  If  the  volume  of  free 
air  per  minute,  the  length  of  pipe,  the  initial  pressure,  and  the  per- 
missible drop  in  pressure  are  given,  proceed  as  follows: 

From  the  length  of  pipe  in  feet,  follow  a  vertical  line  to  its  inter- 
section with  the  volume  line;  from  this  point  follow  a  horizontal  line 
to  its  intersection  with  the  initial  pressure  line,  and  from  there  follow 
a  vertical  line  until  it  intersects  the  horizontal  line  through  the  given 
pressure  drop.  The  position  of  this  last  point  determines  the  proper 
pipe  diameter.  Any  other  combination  of  given  data  is  handled 
similarly. 

This  diagram  may  be  adapted  to  other  gases  than  air  (assuming  the 
coefficients  of  resistance  to  be  the  same)  by  multiplying  the  volume  of 

air  by  a/ —  where  v^  and  v  are  respectively  the  specific  volumes  of  the 

given  gas  and  of  air;  or  by  yj^y  where  D  is  the  density  of  the  given  gas 
in  terms  of  air. 

To  illustrate,  let  L  =  2000  feet,  7=1000  cu.  ft.,  pi  =  100  lb.,  drop 
=  5%.  Following  a  vertical  line  from  L  =  2000  to  F  =  1000,  a  horizontal 
line  to  />=  100,  a  vertical  fine  to  drop  =5%,  it  is  found  that  a  4-inch 
pipe  is  the  nearest  commercial  size  available,  although  the  drop  for  this 
size  is  about  6%. 

Without  the  aid  of  the  chart,  the  solution  of  the  problem  just  given 
would  require  considerable  time  since  the  pipe  diameter  can  only  be 
obtained  from  the  formula  by  a  series  of  approximations,  and  at  least 
three  trial  solutions  would  ordinarily  be  necessary. 

VI.  Maximum  Power  Transmitted  Through  Pipes 
The  maximum  power  which  may  be  secured  per  pound  of  air  is 
realized  during  a  complete  cycle  when  the  expansion  is  complete  to  the 
back  pressure  line,  that  is  to  atmospheric  pressure,  as  shown  by  Fig.  3. 
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Fig.  6.     Maximum  power  transmitted  by  air.  A' =1.3 
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When  air  is  transmitted  througli  pipes  there  is  a  loss  of  pressure  due  to 
friction,  but,  in  general,  there  will- be  no  loss  of  temperature;  hence  the 
product  of  the  pressure  and  volume  remains  constant.  Because  of  this 
fact,  the  loss  of  power  is  less  than  the  loss  of  pressure,  assuming  that  the 
air  may  be  effectively  used  at  the  reduced  pressure.  Obviously,  the 
power  developed  per  cycle  is  a*  function  of  the  value  of  n  for  the  expan- 
sion curve,  so  its  probable  value  is  necessarily  known  in  determining  the 
actual  efficiency  of  transmission. 

Let  pi  =  the  absolute  initial  pressure  in  the  pipe. 
P2  =  the  absolute  final  pressure  in  the  pipe. 
Pa  =  the  atmospheric  pressure. 

The  work  developed  per  cycle  with  no  loss  of  pressure,  is,  in  foot  pounds, 


Wi 


PlVi 


(p. 


(37) 


Where  the  pressure  is  reduced  to  p2  during  the  transmission  the  max- 
imum possible  work  developed  becomes 


Wo  = 


n-1 


PlVi 


1- 


V2 


(38) 


The  efficiency  of  power  transmission  is  then 


p-^2 

^'-f; 


fe) 


VP2/ 

while  the  efficiency  of  pressure  transmission  is 
R  =  H2   


Pi 


(39) 


(40) 


Equation  (38)  gives  the  power  theoretically  available  at  the  end  of 
a  main  of  given  diameter  and  length  if  vi  is  replaced  by  V  the  volume 
of  air  transmitted  per  minute.  Inserting  the  value  of  V  from  equation 
(36)  in  equation  (38)  gives 


T^^  =  3.061 


n-1 


KL 


j»[,-(^)- 


►^mce  r 
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Fig.  7.     Efficiency  of  power  transmission  for  maximum 
POWER,  .Y=1.3 


Since  W  and  />  are  the  only  variables  in  equation  (41),  if  II'  i)e 
differentiated  with  respect  to  p2  and  the  result  placed  equal  to  0,  it  is 
found  that  W  becomes  a  maximum  when 

^-,/^\  ["©■"'-•  I (^^) 

Solving  equation  (42)  for  various  values  of  n  from  1.2  to  1.4,  it  is 
found  that  the  influence  of  n  affects  but  sUghtly  the  relation  between  p\ 
and  p2.  Since  in  practice  the  real  value  of  7i  is  probabh'  not  far  from 
1.3.  this  value  is  used  in  plotting  the  curves  shown  Fig.  6  and  7. 

In  Fig.  6,  values  of  pi  are  plotted  as  ordinates  and  of  p-j  as  al)scissas 
so  the  final  pressure  in  the  pipe  for  theoretical  maximum  power  trans- 
mitted can  be  determined  directly  for  initial  pressures  up  to  200  pounds 
per  square  inch  absolute.  Fig.  7  shows  the  efficiency  of  power  trans- 
mission, calculated  from  ecjuation  (39),  and  the  efficiency  of  pressure 
transmission,  calculated  from  equation  (40),  when  the  i)ower  trans- 
mitted IS  a  maximum  with  the  final  ])ressures  as  shown  in  Fig.  6  for 
?i=1.3.  As  previously  stated  other  values  of  n  between  1  .2  and  1.4 
give  but  little  deviation  from  the  results  shown  in  Fig.  6  and  7. 

From  this  discussion  it  is  evident  that  there  is  a  theoretical  max- 
imum carrying  power  for  an  air  pipe  line.  Thus  with  air  at  100  pounds 
initial  pressure,  the  power  transmitted  is  a  maximum  when  the  final 
pressure  is  61  pounds  absolute.  The  efficiency  of  pressure  transmission 
is  then  Gl^ct  while  the  efficiency  of  power  transmi.ssion  is  nearly  79^  t. 
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This  latter  efficiency  cannot  be  secured  if  the  air  is  used  non-expan- 
sively  or  with  only  partial  expansion,  nor  can  the  maximum  power  be 
attained  under  such  conditions. 

While  this  subject  is  probably  of  greater  theoretical  than  practical 
interest  it  is  of  value  in  determining  the  minimum  size  of  pipe  which 
should  be  used  for  a  given  service.  It  is  possible  in  temporary  installa- 
tions that  the  reduced  cost  of  the  pipe,  carrying  its  maximum  power, 
would  more  than  offset  the  loss  in  the  transmission.  Under  normal 
conditions,  however,  this  would  not  be  true,  and  the  pipe  line  should 
be  proportioned  to  give  not  more  than  5%  to  10%  pressure  drop. 
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Bulletin  No.  2.  Tests  of  High-Speed  Tool  Steels  on  Cast  Iron,  by  L.  P.  Breckenridge  and  Henry 
B.  Dirks.      1905.     None  available. 

Circular  No.  2.     Drainage  of  Earth  Roads,  by  Ira  O.  Baker.      1906.     None  available. 

Circular  No.  3.  Fuel  Tests  with  Illinois  Coal.  (Compiled  from  tests  made  by  the  Technologic 
Branch  of  the  U.  S.  G.  S.,  at  the  St.  Louis,  Mo.,  Fuel  Testing  Plant,  1904-1907.)  by  L.  P.  Breckenridge 
and  Paul  Diserens.      1909.      Thirty  cents. 

Bulletin  No.  3.  The  Engineering  Experiment  Station  of  the  University  of  Illinois,  by  L.  P. 
Breckenridge.      1906.     None  available. 

Bulletin  No.  4-     Tests  of  Reinforced  Concrete  Beams,  Series    of    1905,  by  Arthur   N.  Talbot. 

1906.  Forty-five  cents. 

Bulletin  No.  5.     Resistance  of  Tubes  to  Collapse,  by  Albert  P.  Carman.     1906.     Fifteen  cents. 

Bulletin  No.  6.     Holding  Power  of  Railroad  Spikes,  by  Roy  I.  Webber.     1906.     Thirty-five  cents. 

Bulletin  No.  7.  Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge,  S.  W.  Parr,  and  Henry  B. 
Dirks.      1906.      Thirty-five  cents. 

Bulletin  No.  S.  Tests  of  Concrete:  I.  Shear;  II.  Bond,  by  Arthur  N.  Talbot.  1906.  None 
available. 

Bulletin  No.  9.  An  Extension  of  the  Dewey  Decimal  Sj'stem  of  Classification  Applied  to  the  En- 
gineering Industries,  by  L.  P.  Breckenridge  and  G.  A.  Goodenough.  1906.  Revised  Edition  1912. 
Fifty  cents. 

Bulletin  No.  10.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series  of  1906,  by  Arthur 
N.  Talbot.      1907.     None  available. 

Bulletin  No.  11.  The  Effect  of  Scale  on  the  Transmission  of  Heat  through  Locomotive  Boiler 
Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.      1907.     None  available. 

Bulletin  No.  12.     Tests  of  Reinforced  Concrete  T-beams,  Series  of  1906,  by  Arthur  N.  Talbot. 

1907.  None  available. 

Bulletin  No.  13.  An  Extension  of  the  Dewey  Decimal  System  of  Classification  Applied  to 
Architecture  and  Building,  by  N.  Clifford  Ricker.     1907.     Fifty  cents. 

Bulletin  No.  14.     Tests  of  Reinforced  Concrete  Beams,  Series  of    1906,  by  Arthur    X.    Talbot. 

1907.  None  available. 

Bulletin  No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Breckenridge.  1908. 
Twenty-five  cents. 

Bulletin  No.  16.     A  study  of  Roof  Trusses,  by  N.  Clifford  Ricker.     1908.     Fifteen  cents. 

Bulletin  No.  17.     The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  Hamilton,  and  W.  F.  Wheeler. 

1908.  A^ one  available. 

Bulletin  No.  IS.  The  Strength  of  Chain  Links,  by  G.  A.  Goodenough  and  L.  E.  Moore.  1908. 
Forty  cents. 

Bulletin  No.  1.9.  Comparative  Tests  of  Carbon,  Metallized  Carbon,  and  Tantalum  Filament 
Lamps,  by  T.  H.  Amrine.      1908.      Twenty-five  cents. 

Bulletin  No.  20.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series  of  1907,  by  .\rthur 
X.  Talbot.      1908.     None  available. 

Bulletin  No.  21.  Tests  of  a  Liquid  .\\v  Plant,  by  C.  S.  Hudson  and  C.  ^L  Garland.  1908. 
Fifteen  cents. 

Bulletin  No.  22.  Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe,  by  Arthur  X- 
Talbot.      1908.      Thirty-five  cents. 

Bulletin  No.  23.  Voids,  Settlement  and  Weight  of  Crushed  Stone,  by  Ira  O.  Baker.  1908. 
Fifteen  cents. 

Bulletin  No.  24.  The  Modification  of  Illinois  Coal  by  Low  Temperature  Distillation,  by  S.  W. 
Parr  and  C.  K.  Franci.s.      1908.     Free  upon  request. 

Bulletin  No.  2o.  Lighting  Country  Homes  by  Private  Electric  Plants,  by  T.  H.  .\mrine.  190S. 
Free  upon  request. 

Bulletin  No.  26.  High  Steam-Pressures  in  Locomotive  Service.  A  Review  of  a  Report  to 
the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.      1908.     Free  upon  request. 

Bulletin  No.  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by  .\rthur  X.  Talbot 
and  Duff  A.  Abrams.      1909.      Free  upon  request. 

Bulletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by  .\rthur  N.  Talbot.  1909. 
Free  upon  request. 

Bulletin  No.  29.  Tests  of  Reinforced  Concrete  Beams:  Resistance  to  Web  Stresses.  Series  of 
1907  and  1908,  by  Arthur  N.  Talbot.      1909.     Free  upon  request. 

Bulletin  No.  30.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Producers,  by  J.  K. 
Clement,  L.  H.  Adams,  and  C.  X.  Haskins.      1909.      Free  upon  request. 


PUBLICATIONS    OF    THE    ENCJlNEERING    EXPERIMENT    STATION 

Bulletin  No.  SI.  Fuel  Tests  with  House-heating  Boilers,  by  J.  M.  Snodgrass.  1909.  Free 
upon  request. 

Bulletin  No.  32.  The  Occluded  Gases  in  Coal,  by  S.  W,  Parr  and  Perry  Barker.  1909, 
Fifteen  cents. 

Bulletin  No.  S3.     Tests  of  Tungsten  Lamps,  by  T,  H.  Amrine  and  A.  Guell.    1909.    Twenty  cents. 

Bulletin  No.  34.  Tests  of  Two  Types  of  Tile  Roof  Furnaces  under  a  Water-tube  Boiler,  by  J. 
M.  Snodgrass.      1909.     Free  upon  request. 

Bulletin  No.  S3.  A  Study  of  Base  and'  Bearing  Plates  for  Columns  and  Beams,  by  N.  Clifford 
Ilicker.     1909.     Twenty  cents. 

Bulletin  No.  36.  The  Thermal  Conductivity  of  Fire-Clay  at  High  Temperatures,  by  J.  K. 
Clement  and  W.  L.  Egy.     1909.     Free  upon  request. 

Bulletin  No.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr  and  W.  F. 
Wheeler.      1909.      Thirty-five  cents. 

Bulletin  No.  38.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W,  F.  Wheeler.  1909.  Free 
upon  request. 

Bulletin  No.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney.  1909.  Free 
upon  request. 

Bulletin  No.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M.  Garland.  1910. 
Free  upon  request. 

Bulletin  No.  41-     Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.     1910.     Twenty  cents. 

Bulletin  No.  4^-     The  Effect    of    Key  ways  on    the  Strength  of  Shafts,  by  Herbert  F.   Moore 

1910.  Free  upon  request. 

Bulletin  No.  43.     Freight  Train  Resistance,  by  Edward  C.   Schmidt.     1910.     Seventy-five  cents. 
Bulletin  No.  44-     An  Investigation  of    Built-up    Columns  under    Load,  by   Arthur  N.  Talbot 
and  Herbert  F.  Moore.     1911.     Free  upon  reqi.est. 

Bulletin  No.  45.     The    Strength    of    Oxy£.cetylene  Welds  in  Steel,  by  Herbert  L.  Whittemore. 

1911.  Free  upon  request. 

Bulletin  No.  46.     The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and  F.  W.  Kressmann. 

1911.  Free  upon  request. 

Bulletin  No.  4"^'  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B.  Stephenson.  1911 
Free  upon  request. 

Bulletin  No.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by  Arthur  N.  Talbot 
and  Melvin  L.  Enger.     1911.     Free  upon  request. 

Bulletin  No.  49.  Tests  of  Nickel-Steel  Riveted  Joints,  by  Arthur  N.  Talbot  and  Herbert  F. 
Moore.      1911.     Free  upon  request. 

Bulletin  No.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and  A.  P.  Kratz.  1912. 
Free  upon  request. 

Bulletin  No.  51.     Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.     1912.     Free  upon  request. 

Bulletin  No.  62.     An  Investigation  of    the    Strength   of    Rolled   Zinc,   by   Herbert   F.   Moore. 

1912.  Free  upon  request. 

Bulletin  No.  53.     Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner.     1912.     Forty  cents. 

Bulletin  No.  54.  Mechanical  Stresses  in  Transmission  Lines,  by  A.  Guell.  1912.  Free  upon 
request. 

Bulletin  No.  55.  Starting  Currents  of  Transformers,  with  Special  Reference  to  Transformers 
with  Silicon  Steel  Cores,  by  Trygve  D.  Yensen.     1912.     Free  upon  request. 

Bulletin  No.  56.  Tests  of  Columns:  An  Investigation  of  the  Value  of  Concrete  as  Reinforce- 
ment for  Structural  Steel  Columns,  by  Arthur  N,  Talbot  and  Arthur  R.  Lord.  1912.  Free  upon 
request. 

Bulletin  No.  57.  Superheated  Steam  in  Locomotive  Service.  A  Review  of  Publication  No.  127 
of  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.     1912.     Free  upon  request. 

BuW'.tin  No.  58.  A  New  Analysis  of  the  Cylinder  Performance  of  Reciprocating  Engines,  by  .1 . 
Paul  Clayton.      1912.     Free  7ipon  request. 

Bulletin  No.  59.  The  Effects  of  Cold  Weather  upon  Train  Resistance  and  Tonnage  Rating, 
by  Edward  C.  Schmidt  and  F.  W,  Marquis.      1912.     Free  upon  request. 

Bulletin  Xo.  60.  The  Coking  of  Coal  at  Low  Temperatures,  with  a  Preliminary  Study  of  the 
By-Product.s,  by  S.  W.  Parr  and  H.  L.  Olin,      1912.     Free  upon  request. 

Bulletin  No.  61.  Characteristics  and  Limitations  of  the  Series  Transformer,  by  A.  R.  Anderson 
ifid  H.  R.  Woodrow.     1913.     Free  upon  request. 

Bulletin  No.  62.  The  Electron  Theory  of  Magnetism,  by  Elmer  H.  Williams.  1913.  Free 
upon  request. 

Bulletin  No.  63.     Entropy-Temperature  and  Transmission  Diagrams  for  Air,  by  C.  R.  Richards. 

1913.  Free  upon  request. 


